Charge separation (CS) and charge recombination (CR) rates in photosynthetic architectures are difficult to control, yet their ratio can make or break photon-to-current conversion efficiencies. A rational design approach to the enhancement of CS over CR requires a mechanistic understanding of the underlying electron transfer (ET) process, including the role of the environment. Toward this goal, we introduce a QM/MM protocol for ET simulations and use it to characterize CR in the formanilide-anthraquinone dyad (FAAQ). Our simulations predict fast recombination of the charge-transfer excited state, in agreement with recent experiments.
Introduction
Electron transfer (ET) reactions are crucial steps in the storage of solar energy in chemical bonds.
Whether in biological or bioinspired light-harvesting systems 1,2 or in advanced semiconductor materials, [3] [4] [5] the same three-step mechanism underlies the conversion of incident photon flux into photocurrent. Absorption of visible light by a photosensitive structure, such as a dye molecule or a semiconducting metal, generates a localized excited state. The availability of lower-energy electronic states with enhanced charge separation drives an ET process, resulting in an intermediate, charge-transfer (CT) excited state. The CT state can further separate into free charges, completing the photovoltaic process.
Synthetic light-harvesting systems have very high standards to meet: in natural photosynthesis, electrons and holes are generated from the initial CT state with near unit efficiency due to rapid charge separation (CS) versus extremely slow (∼ 1 s) charge recombination (CR). 6 The critical role of the CS-to-CR ratio in light-harvesting complexes 7, 8 has inspired a substantial body of experimental and theoretical work on condensed phase CS and CR in small-molecule prototypes. [9] [10] [11] Molecular polyads -consisting of a chromophore and one or several electron donors and acceptors -are a popular architecture for artificial light-harvesting because they offer the potential for long-lived photoinduced CS in a small, chemically tunable package. [12] [13] [14] Triads, 15, 16 tetrads 17 and higher polyads, including dendrimeric structures, 18 exploit spatial separation of the terminal donor and acceptor to reduce the donor-acceptor electronic coupling, obtaining long-lived CT states at the expense of low yields of the CT state. Conversely, smaller dyads present high initial CT state yields, but fast geminate CR limits the overall efficiency of charge carrier generation. 19 How small the dyad can be while maintaining a capacity for photoinduced CS is an open and important question.
Given the daunting task of striking a favorable balance between CS and CR in these polyads, we anticipate further rational design and optimization to be contingent upon a mechanistic understanding of the underlying ET processes. The Marcus theory of ET 20, 21 is an excellent guide in this respect. In Marcus theory, the ET rate is expressed in terms of three system-dependent parameters: the driving force ∆G, which is the free energy difference between the reactant and product states at equilibrium; the reorganization energy λ , which is the free energy cost to distort the configuration of the reactant to an equilibrium configuration of the product; and the donor-acceptor electronic coupling V DA ,
The validity of the Marcus model has been thoroughly investigated and confirmed over a wide range of conditions, 22, 23 including the inverted region, −∆G > λ , where the ET rate is predicted to decrease with increasing driving force. The model assumes linear response of the bulk solvent polarization to the electric field. Several extensions have been proposed to account for situations where the model breaks down, for example, in systems with strong vibronic effects 24 or electronic state-dependent polarizabilities. 25 Marcus theory and its extensions provide a framework for correlating molecular structure with ET properties; thus, Marcus ET parameters are important for the analysis and refinement of molecular light-harvesting architectures.
Because of the experimental challenges associated with measuring ET parameters, especially the reorganization energy, 26, 27 computer simulations have played an important role in developing an understanding of ET at the molecular level. These simulations present their own set of challenges. The role of the environment as a facilitator of ET has long been appreciated, 28, 29 but the computational cost of modeling the environment from first-principles is often prohibitive.
Instead, it is common to adopt a hybrid QM/MM model 30, 31 in which the solute is described by a high-level electronic structure method while the solvent is treated with a classical force field. Furthermore, diabatic reactant and product states form a more suitable basis for studying ET than the adiabatic states obtained from traditional electronic structure methods. 32 Empirical valence-bond methods, 33 frozen-density functional theory 34 and constrained density functional theory (CDFT) [35] [36] [37] have all been used to define diabatic states for ET simulations. While the complexity of these simulations has increased substantially over time, the accurate prediction of ET rates in solution remains unfinished business.
In this article, we characterize CR in the small molecular dyad formanilide-anthraquinone (FAAQ) in dimethylsulfoxide (DMSO) solution using a new QM/MM scheme for ET simulations.
An unusually long-lived CT state was postulated for FAAQ in DMSO 38 on the basis of spectroscopic signatures which were later reassigned to a side reaction with the DMSO solvent. 39 The CT state is much shorter-lived in other solvents, so we naively expect fast CR in DMSO as well. Our simulations harnesses the power of CDFT to compute accurate diabatic states on the fly and the computational efficiency of polarizable force fields, achieving high-quality molecular dynamics (MD) sampling of the ET free energy surfaces. The simulations provide a detailed picture of the CR mechanism and confirm that CR in FAAQ is fast.
The rest of the article is organized as follows. First we introduce the compact donor-acceptor dyad FAAQ and review its experimental characterization in some detail. After highlighting the features we consider to be essential for a quantitative computational model of condensed phase ET free energies, we lay out the details of the simulations and present free energy profiles and ET parameters for the dyad in solution. Our model predicts ET parameters in line with experimental data and provides the first qualitatively correct prediction of the FAAQ reorganization energy in DMSO. Next we identify and characterize deviations from linear response in the simulations, and we show that torsional flexibility does not strongly modulate the CR rate in FAAQ. We then show that the energy gaps from the full simulations can be mapped quite well onto a simple electrostatic model of solvent polarization. Finally, we summarize strengths and weaknesses of our approach and suggest avenues for further applications and improvements.
Model system: the FAAQ dyad
Solution phase ET in the FAAQ dyad, [38] [39] [40] [41] shown in Figure 1 , has been the subject of some controversy. The report of a CT excited state in FAAQ with a lifetime of nearly 1 millisecond 38 in DMSO contrasted sharply with the empirical rule-of-thumb that CR from singlet CT states in compact dyads generally takes place on picosecond timescales. 42 Happily, the controversy has generated a wealth of experimental data for FAAQ. Electrochemical studies on FAAQ and related derivatives produced an estimate for the CR driving force, 38 −∆G CR = 2.24 eV, later revised 39 to −∆G CR = 2.68 eV. Both estimates are indirect deductions with unclear error bars, so we consider them useful qualitative guides, rather than absolute benchmarks, for comparison to our simulations. A rough estimate for the reorganization energy λ can also be found by comparing CT state lifetimes of FAAQ and its derivatives. 43 We first make the assumption that the difference in lifetimes τ of two polyads A and B is controlled by the difference in their activation free energies rather than the difference in their pre-exponential factors.
This assumption is valid to the extent that the donor-acceptor coupling is similar for A and B; this may not be the case in the long-range ET regime where the coupling decays exponentially with donor-acceptor distance, but it is a more reasonable assumption for the modestly separated polyads considered here. Then the ratio of the CR lifetimes of A and B satisfies
where 
Computational model for electron transfer
Any simulation of ET reactions requires a suitable definition of the reactant and product states.
Among the many available definitions of diabatic states, 32,44 the CDFT approach is convenient because it retains the many advantages of Kohn-Sham DFT while also treating both diabatic states on the same footing. 45 This even-handed treatment is important because one of the diabatic states is often an excited state; it is especially crucial for CT excited states, which are often poorly described 46 by linear response time-dependent DFT (LR-TDDFT), the de facto standard tool for excited states in DFT. 47 CDFT avoids these complications by treating both diabatic states as ground states of modified potentials which constrain the net charge on the donor and acceptor to appropriate fixed values for each state. 35 An appropriate solvent model is also crucial for accurate ET simulations. Unlike conventional chemical bond-breaking and bond-forming reactions, intramolecular ET in solution often proceeds from reactant to product state with negligible internal rearrangement; instead, the reaction is driven by solvent fluctuations, 48 In order to adequately characterize the solvent fluctuations, we require a solvent model which can capture both orientational and electronic polarization. These two effects operate on different timescales: the solvent electrons respond essentially instantaneously to changes in the electronic structure of the solute, while orientational and internal nuclear rearrangements of the solvent lag behind. 49, 50 Dielectric continuum models offer a computationally efficient means of describing the dynamic solvent response, but these are typically limited to the linear response regime. Beyond linear response, atomistic models are the method of choice; 51, 52 these models can capture nonlinear effects due to dependence of the solvent polarization on solute conformation or on the effective charge separation distance in the CT state. Previous simulations on model systems have indicated that these effects can modify nonequilibrium properties like reorganization energies significantly. 53, 54 Based on the preceding considerations, we adopt a polarizable molecular mechanics (MMpol) model in which selected atoms in the solvent are endowed with isotropic polarizability by means of a charged particle (Drude oscillator) affixed by a fictitious spring. 55 Charges on the polarizable atoms are rescaled to compensate for the charges of the associated Drude oscillators. The solute, described with CDFT, is electronically embedded in the MMpol solvent, and the solute and solvent are allowed to polarize one another self-consistently. This CDFT/MMpol approach is designed to capture important solute/solvent interactions while remaining scalable to systems far beyond the computational capacity of a complete density functional approach. This scalability enables the simulation of asymmetrical ET reactions of flexible donor-acceptor systems in polar solvents, such as the FAAQ/DMSO system studied here.
Computational Details
All QM/MM calculations were carried out within the framework of the CHARMM/Q-Chem interface. [56] [57] [58] The QM subsystem, a single FAAQ molecule, was electronically embedded in a 34Å × 34Å × 34Å box of 314 DMSO molecules comprising the MM subsystem. The neutral (N) and charge transfer (CT) states of FAAQ were modeled using CDFT 35 with the B3LYP functional. 59 Energy gaps were computed with the 3-21G and 6-31G* basis sets, while the 3-21G basis was used exclusively for MD simulations in an effort to balance the conflicting goals of accurate energetics and long MD trajectories. The DMSO solvent was modeled using the all-atom force field of Strader and Feller, 60 modified to include electronic polarizability using Drude oscillators 55 bound to each heavy atom (C, O, S) of DMSO. The Drude particle polarizabilities were chosen to reproduce the dielectric constant of DMSO at optical frequencies (ε ∞ = 2.19), and the electrostatic point charges were scaled to 65% of their original values such that the zero-frequency dielectric constant was also reproduced (ε 0 = 46.7). The DMSO force field parameters and the details of our procedure for mutual polarization of solute and solvent can be found in the Supporting Information.
For MD simulations, all CH bonds in the DMSO solvent were constrained at their equilibrium length using the SHAKE algorithm 61 to help ensure energy conservation with a 2 fs timestep. After an initial energy minimization, the FAAQ/DMSO system was equilibrated with NPT dynamics at 300 K and 1 atm. For the sake of efficiency, the system was first equilibrated using an all-MM model with customized force fields 62 Diabatic couplings were evaluated within the framework of CDFT, 63 both in the gas phase and in DMSO solvent. The solution phase couplings take into account the different solvation environments of the neutral and CT states by self-consistently polarizing each state's density with its own set of Drude particles prior to the coupling calculation. Solvent effects on CDFT couplings at the ET transition state were recently studied in the mixed-valence Q-TTF-Q anion in aqueous solution; 64 here we obtain complementary information about solvent effects on couplings for equilibrium configurations of both diabatic states. This data can be used to assess the validity of the Condon approximation in the FAAQ/DMSO system. 65 
Results

Construction of free energy profiles
As a first step towards determination of the ET free energy profiles, we obtained 30 ps of equilibrium polarizable QM/MM dynamics in each diabatic state (neutral or CT). A representative trajectory for each diabatic state is presented in parts (a) and (b) of Figure 3 . Each plot also shows the energy of the other diabatic state at the various configurations visited along the trajectory.
We sample the vertical energy gap ∆E α = E CT α − E N α of configurations α at regular intervals of 40 fs along these trajectories to build up a statistical picture of the distribution of energy gaps, as illustrated in the histograms in Figure 3 , parts (c) and (d). The probability distribution of the energy gap in diabatic state X , P X (∆E), is related to the free energy G X by
where P X (∆E) is to be inferred from the energy gap histograms.
There are several reasonable ways to parameterize P X (∆E) from the sampled energy gaps. A Gaussian fit to the energy gap distribution will result in a parabolic free energy profile, in keeping with Marcus theory. However, there is no formal restriction on the functional form of the fit, provided it reasonably captures the statistical distribution of energy gaps. First, we explore the Within the linear response approximation, the driving force and reorganization energy can be obtained directly from the mean energy gaps of the neutral and CT configurations, 26
The mean energy gaps and corresponding ET parameters are presented in 43 while an additional 0.6 eV can be attributed to bulk electrostatic effects. 32 The larger reorganization energy found here suggests that solvent configurations at equilibrium with either diabatic state are further stabilized, relative to nonequilibrium configurations, by conformation-specific solute-solvent interactions such as hydrogen bonding that are not captured by conventional continuum solvent approaches. 66 
Beyond linear response
Having validated the Marcus picture obtained through the CDFT/MMpol approach, we can investigate the degree to which the simulations predict deviations from the linear response regime in the FAAQ/DMSO ET reaction. The linear response assumption is built into most implicit solvent models, 67 so CDFT/MMpol is specially poised to probe this question.
We begin by observing that our simulations do not provide a statistically even-handed description of the entire reaction coordinate: the sampling is most complete in the vicinity of the neutral and CT free energy minima. An umbrella sampling approach could overcome this limitation 68 and should provide an interesting avenue for further investigation. Here, we focus on the statistics of the energy gap near the free energy minima.
In the last section, ensemble-averaged energy gaps were used to compute ET parameters via What are the mechanistic and kinetic consequences of the nonlinear solvent response? To address this key question, we used the four statistics -energy gap averages and fluctuations for each state -to obtain a unique quartic parameterization of the neutral free energy curve (up to an arbitrary choice of the zero of free energy),
where q = ∆E − ∆E N . From Eq. (7), a quartic expression for G CT is uniquely obtained via the linear free energy relation, 70 G CT (∆E) = G N (∆E)+∆E. The same overall fit is obtained regardless of which state is parameterized first. Expressions for the coefficients G i in terms of ∆E N , ∆E CT , σ N and σ CT can be found in the Supporting Information. The quartic free energy model is displayed in Figure 4 . Qualitatively, the quartic fit is strikingly similar to the Marcus picture. Nevertheless, the nonlinear solvent response raises the driving force by 0.07 eV to −∆G CR = 2.45 eV and lowers the reorganization energy by 0.06 eV to λ CR = 1.58
G N G CT
eV. As shown in Table 2 
Characterization of the electronic coupling
The Marcus expression, Eq. (1), has a standard interpretation from the perspective of classical transition-state theory: 73 the exponential term, parameterized by the reorganization energy and driving force for ET, embodies the likelihood of visiting the transition state region where an ET event becomes maximally probable; then the pre-exponential term, controlled by the electronic coupling, characterizes the inherent probability of ET at the isoenergetic point. In the last section, we used the diagonal elements of the diabatic two-state Hamiltonian to compute energy gap fluctuations and parameterize the exponential term in the rate expression; here, we use CDFT to characterize V DA as well as its fluctuations in the neutral and CT ensembles.
The magnitude of the CDFT couplings, presented in Table 3 , is in excess of most experimentally determined couplings for compact donor-acceptor dyads. 42 The couplings also exceed our previously described estimate V DA ≈ 0.03 − 0.06 eV by an order of magnitude. We anticipate that much of the discrepancy between the computed and experimentally inferred couplings can be attributed to the short-range character of intramolecular ET in FAAQ. In most systems for which the CDFT coupling prescription has been tested and validated, the relevant ET process is either intermolecular 74 or bridge-mediated. 75, 76 In FAAQ, the donor-acceptor "bridge" is effectively a single C-C bond; this feature makes the CDFT coupling especially sensitive to the size and shape of the constraints. Nevertheless, these errors should be largely systematic across the sampled con-figurations because the same partitioning strategy was used for all configurations. Therefore we can still gain mechanistic insights by studying trends in the CDFT couplings. The distribution of electronic couplings presented in Table 3 reveals several interesting trends.
First, the neutral configurations exhibit a substantially larger coupling than the CT configurations, indicative of a modest non-Condon effect. 65, 77 In particular, the observation of increased electronic coupling for configurations exhibiting a larger energy gap indicates that the mean electronic coupling at the transition state ∆E = 0, where its magnitude matters most, may be smaller than the values predicted here.
Another striking feature of the couplings is the substantial difference between the gas phase and solution phase values, both for mean couplings and for deviations. Other recent simulations of solvent effects on electronic couplings 64, 75, 78, 79 have been at odds regarding the magnitude of these effects; here we find a significant reduction of the coupling matrix element upon incorporation of solvent. Fluctuations in the coupling are also damped by the solvent, as was also observed in a computational study where the time-dependence of V DA was monitored explicitly. 80 Finally, we note that the ET parameters obtained from our simulations correspond to CT state lifetimes on the fs to ps timescale, in qualitative agreement with the experimental refutation 39 of the previously claimed long-lived CT state in FAAQ. 38 Future fine-tuning of the CDFT coupling prescription should lead to improved estimates of the coupling, thereby enabling quantitative ET rate calculations within the CDFT/MMpol model.
Discussion
The use of the diabatic energy gap as a reaction coordinate for solution phase ET has a long history rooted in Warshel's semiclassical trajectory approach. 81, 82 This particular choice of reaction coordinate is convenient because it collapses the full complexity of the solvent dynamics onto a single degree of freedom, while still providing a quadratic free energy profile in the limit of linear response. 83 The energy gap is also easier to control for the purposes of umbrella sampling than other more physically appealing choices such as a solvent polarization reaction coordinate, motivated by the original work of Marcus. 20 But the physical content of ∆E as a reaction coordinate is limited. How does the reaction proceed? First we consider the extent to which a key internal degree of freedom in FAAQ, the dihedral angle between the donor and acceptor, influences the ET free energy profiles. Could excited state isomerization have a measurable effect on k CR ? We then turn our attention to the role of the solvent and to the notion of a collective solvent coordinate for ET in particular. Towards this end, we map the diabatic energy gaps from our simulations onto a classical polarization coordinate.
The correlation between the energy gap and the polarization coordinate provides another measure of how successfully the Marcus model captures the atomistic details of our simulations.
Role of solute flexibility in ET kinetics
The FAAQ molecule is highly conjugated, with the amide bridge providing the only practical means of breaking planarity. The torsional barrier between the FA and AQ groups is expected to be large compared to k B T , prohibiting any substantial population of the cis configurations illustrated in Figure 1b . Nevertheless, the possibility of photoinduced isomerization prompted us to examine whether the cis and trans configurations have different ET kinetics, and if so, to quantify the difference.
We obtained 750 snapshots of cis configurations for each diabatic state, following the same procedure outlined for the trans configurations. To obtain a rough estimate of the free energy of activation for isomerization, we take the linear response approach and fit the statistics of the dihedral angle φ to a pair of parabolas,
The free energy difference ∆G cis-trans = G cis ( φ cis ) − G trans ( φ trans ) was approximated from the free energy of optimized cis and trans FAAQ structures obtained at the B3LYP/6-31G* level with DMSO modeled by the SM8 model, 84 yielding ∆G cis-trans = 3.8 meV. Then we estimate the free energy barrier to isomerization by computing the free energy at the curve-crossing.
Activation free energies for isomerization and for CR within the linear response approximation are shown in Figure 5 , superimposed over the distribution of all 3000 snapshots in the (∆E, φ ) 
Reaction coordinate based on a simplified electrostatic model
How well can a classical solvent polarization coordinate capture the atomistic details of the ET simulations? To provide a quantitative answer, we construct a plausible polarization coordinate and study its correlation with the energy gap reaction coordinate.
We express the collective solvent polarization in terms of an electrostatic energy gap possessing the general form ∆E el = ∆ (µ X · E X ), where µ X is the electric dipole moment of FAAQ in diabatic state X , and E X is the electric field generated by the particular solvent configuration around the solute dipole. The construction of ∆E el is outlined below; further details are available in the Supporting Information.
First we replace the FAAQ dyad with a point electric dipole µ X whose magnitude and direction are fixed to reproduce the ensemble-averaged dipole moment of FAAQ in diabatic state X , as obtained from our simulations. The DMSO solvent is treated as a collection of point charges, taken directly from the MM model. Then the electrostatic energy gap for a given snapshot α is the difference between the interaction energies of the solute dipole and solvent electric field in the two diabatic states,
Given this prescription, we evaluate ∆E el for snapshots α from the CDFT/MMpol simulations and consider the correlation r between ∆E el and the diabatic energy gap ∆E,
The location of the solute dipole in the definition of ∆E el remains to be determined; two pos- The correlation is reduced slightly when we restrict the model of the solute to a single dipole.
Varying the location of the single dipole over all FAAQ nuclei, we obtained an optimal correlation r = 0.93 ( Figure 6b ) by placing it on the carbon atom labeled C 1 in Figure 1 . Thus, we can account for the bulk of the energy gap fluctuations in the FAAQ/DMSO system with a simple electrostatic model of solvent polarization.
The correlation scatterplots in Figure 6 show some interesting trends. First, the polarization models provide a better fit for the neutral configurations than for the CT configurations, likely because of the more drastic difference in polarization between the two diabatic states at neutral configurations. Also, the cis and trans isomers are segregated in the single-dipole scatterplot in 
Conclusion
We have explored the mechanistic and kinetic details of ET in the compact donor-acceptor dyad To carry out these simulations, we have introduced a computational model, CDFT/MMpol, for condensed phase ET simulations. Designed for accuracy and scalability, the CDFT/MMpol approach couples diabatic states from constrained DFT with a polarizable force field to account for mutual polarization of the donor-acceptor system and surrounding solvent. A more accurate modeling of the solute-solvent interaction -for example, at a QM/QM level -would serve to shore up our evidence of a nonlinear response; but obtaining sufficient statistics to demonstrate the effect at a higher level of theory would make such an effort intractably demanding from a computational standpoint.
Looking ahead, the approach outlined here is readily adaptable to the presence of other lowlying excited states, for example, the localized S 1 state on AQ from which CS originates in FAAQ.
These states can be treated with DFT methods better suited to localized excitations, such as LR-TDDFT 47, 88 or ∆SCF. 89, 90 Together with a prescription for couplings between CT and local excited states, 91 this approach would provide a fully self-consistent model of CR and CS in the condensed phase. Such a model would represent an important step towards predicting how the ratio of CS to CR might be tuned through chemical modifications.
To extend the scope of the CDFT/MMpol approach to larger polyads such as donor-bridgefullerene systems 92, 93 or to models of natural photosynthesis, 94, 95 it would be appealing to substitute the CDFT description of the solute with an accurate MMpol model for configurational sam-pling. 74 Improvements in force-matching techniques are cause for optimism that MMpol force fields can rise to this challenge. 62 Finally, we anticipate that CDFT/MMpol will provide a useful starting point for real-time quantum or semiclassical dynamics simulations of condensed phase ET. 96, 97 These methods require diabatic energies and couplings along real-time trajectories; our approach can supply the necessary parameters on-the-fly for ET in complex systems. We look forward to applying CDFT/MMpol simulations to existing and nascent formulations of real-time ET dynamics such as the two-hop Langevin equation recently proposed by our group. 98 
